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    The book “Recent Trends and The Future of Antimicrobial Agents” tries to explore various alternatives of multi drug resistant bacteria which are the major causes of therapeutic failure. The book provides various approaches to the solution and each section describes and analyses the approach towards the problem. Research is going on globally on various alternatives to treatment like Plant based antimicrobials, Photodynamic therapies, enzyme based and antibody based antimicrobial approaches, chemical compounds that act as antimicrobial agents, nano-materials which act as antimicrobial agents, probiotic, prebiotic and peptides compounds or agents. The writers have taken up each scenario to make the readers understand about the macro and micro factors associated with the approach.




    The book attempts to throw light on the various aspects of the pathogenic multi drug resistant bacteria and takes a wide horizon on the impact of antibiotics on them. The discovery of penicillin paved the way for the antibiotics to become popular but as the bacteria can accumulate on multiple genes making them resistant to a particular drug, similarly the resistance can also be caused by an increased expression of genes responsible for multi-drug efflux pumps forcing out a lot many drugs. Hence the need to develop an alternative strategy is very critical for therapeutic success. The book describes all these scenarios in two subsequent parts of the title. Part 1 includes the naturally derived antimicrobial remedies/strategies. The Part 2 of the same title incorporates the chemical and advanced nanomaterial based strategies along with sustainable antimicrobial strategies viz. use of probiotics and photodynamic therapy. I would like to thank the authors for their dedicated effort and the publishers in converting that effort into a reality. I am sure that the information will be very useful for clinicians as well as microbiologists.
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    Microbial diseases are one of the leading causes of morbidity and mortality worldwide. Conventional antibiotics have undoubtedly rescued the world population from several life threatening infectious diseases since their development in the early 20th century. However, some pathogens have evolved mechanisms to evade the action of most commercially available drugs due to their indiscriminate and injudicious use. This has resulted in the emergence of one of the critical issues in modern biomedicine and healthcare regime that is the surfacing of multidrug resistant (MDR) pathogens. These MDR pathogens may emerge as completely incurable by the available antimicrobials in the near future. Innovation gap in novel antibiotic development has severely crippled the choices for treating microbial infections. The challenge of treating diseases caused by drug-resistant pathogens hence demands progress in the development of novel and potent alternative antimicrobial agents. Search for alternative strategies having irrefutable cellular targets that are counter-productive to resistance development has been in the prime center of attention of the scientific community. The putative antimicrobial agents under development have diverse chemical structures and novel mechanisms over the conventional antimicrobial agents rendering the pathogens with minimum scope to develop resistance. Novel alternative antimicrobial agents including phytochemicals and other natural strategies need to be collated on a unified podium enabling the academicians and upcoming researchers to develop unbiased knowledge on potent alternative antimicrobial agents to combat microbial infections.




    “Recent Trends and the Future of Antimicrobial Agents” consists of twenty chapters in two separate volumes. Both the volumes incorporate current research and developments on various alternative approaches. The Volume-1 includes naturally derived antimicrobial remedies/strategies. The Volume-2 of the same title incorporates the chemical and advanced nanomaterial-based materials along with sustainable antimicrobial approaches such as probiotics and photodynamic therapy. In Volume-1, first five chapters deal with naturally derived antimicrobial compounds/agents. Natural products and their derivatives are reliable sources of useful drugs for varied structure, unique mode of action and most importantly minor side effects. Antimicrobial strategies that rely upon plant-based antimicrobials (PBAs), enzymes based and antibody-based antibacterial therapeutic approaches along with secondary metabolites from plant endophytes have been discussed in these chapters. As a novel natural source, marine microorganisms provide numerous bioactive metabolites which are reported as effective and promising sources of new antibiotics or drugs that can also act against MDR strains. Other than natural sources, synthetic organic moieties are also being explored as novel antimicrobial compounds. The most challenging resistance phenomena of recent years compelling medical professionals are diseases caused by protozoans like Plasmodium, fungi like Candida sp., MDR bacteria like Mycobacterium and even viruses that are evolving as mutated pathogens and warrant novel strategies to treat these deadly diseases. This book incorporates specific chapters that detail the history of drug development against Malaria and postulate novel therapeutic approaches towards antimalarial drugs. Emerging novel drugs effective against MDR-TB are discussed in a separate chapter. Recently, the world has been facing a threatening challenge by the emerging novel strains of viruses, including the present SARS-CoV2. Frequent mutations of the viral strains and growing resistance to the available antiviral drugs warrant the discovery of new drug targets and novel strategies to mitigate the deadly viral pandemic. Viruses use host genes for their proliferation. So, host factors co-modulate their functions and thus also could impact viral pathogenesis. This aspect of antiviral drug development is in its early phase. However, this field is believed to have immense potential for antiviral drug targeting. A chapter discusses this outlook regarding the host proteins' implications in viral biology and how they could be exploited for treating viral diseases. So, this book will provide a significantly expanded overview and updated research to a broader context regarding the development of alternative approaches against microbial infections. We believe that the book will cater to the professionals and learners in academia, industry and health services who aim to learn the most significant approaches towards alternatives to existing antimicrobial therapy.




    Finally, we express our gratitude to Prof. (Dr.) Dhrubajyoti Chattopadhyay, Vice Chancellor, Sister Nivedita University, Kolkata, West Bengal who has always been an inspirational persona to the young scientific community. He has, with his profound knowledge of the subject, prudently intuited the importance of the work and kindly written the foreword of this edited book. We are also grateful to the Vice Chancellor, University of North Bengal, Darjeeling, for providing all necessary facilities and a conducive academic ambience, ensuring smooth completion of the book. We are extremely grateful to Fr. (Dr.) Lalit P. Tirkey, Principal, North Bengal St. Xavier’s College (NBSXC), Jalpaiguri for his enthusiastic support and encouragement for the completion of the project. Our sincere thanks go to all authors for their hard work and professionalism in making this book a reality. Their expertise in the contributed chapters is acknowledged and appreciated. Lastly, our appreciation goes to Bentham publisher, for generous assistance, constant support, and patience in materializing the book.
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      Abstract




      The emergence of antimicrobial-resistant pathogens is one of the most serious public health threats that result mostly from the inappropriate and indiscriminate use of conventional antibiotics for the treatment of infectious diseases. These antibiotics mainly affect bacterial viability, resulting in the emergence of resistant pathogens under this selective pressure. Thus, in turn, necessary to explore the search for novel antimicrobial agents with a novel mechanism of action. The newer class of antimicrobial agents, which target bacterial pathogenesis and virulence instead of affecting bacterial viability, represents an alternate and interesting approach to treating bacterial infections. Quorum sensing (QS) target is one of the main targets among the various antivirulence and anti-pathogenesis approaches since it plays a significant role in the expression of virulence and pathogenesis factors during the infection process. The metabolites or compounds from plants and microorganisms have been reported to inhibit quorum sensing. Due to the extensive diversity and complexity of natural products as compared to conventional antibiotics, they show a wide range of mechanisms of action. The use of natural QS inhibitors or quorum quenchers provides a potential strategy and has been adopted as a model for the discovery of new antimicrobial agents as quorum sensing inhibitors. In this chapter, the advancement in searching for promising novel targets for the development of natural next-generation antimicrobials to conquer infections caused by bacterial pathogens has been discussed in detail.
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      INTRODUCTION




      “What is of supreme importance in war is to attack the enemy’s strategy”- Sun Tzu




      Antibiotics have been commonly used for many decades since their discovery at the beginning of the 20th century and represented the greatest scientific breakthrough against bacterial infections [1]. At least 20 classes of antibiotics have been developed and marketed as drugs that cause microbial death or growth cessation [2]. Nevertheless, the indiscriminate use of antibiotics has accelerated the emergence of resistant strains of pathogenic microorganisms [3]. There are now a series of multidrug-resistant (MDR) bacteria for which there is virtually no cure. In 2019, the World Health Organization reported that antimicrobial resistance (AMR) causes at least 700,000 deaths per year worldwide, and it is predicted that the annual death toll will reach 10 million by 2050 if no action is taken. Around 2.4 million people could die in high-income countries between 2015 and 2050 without a sustained effort to control AMR [4]. AMR has been recognized as an enormous threat to global public health.




      The problem of antibiotic resistance in bacteria has reached the crisis stage. Coincident with ever-increasing rates of resistance to conventional antibiotics is the slowing development of novel-acting antibiotics by the pharmaceutical industry. With the last novel class of antibiotic drugs discovered in the 1980s, there has been a paucity of new therapeutic approaches over the past quarter century to respond adequately to the widespread development. The convergence of these trends has led to the relatively common occurrence of multidrug- and extensively drug-resistant bacteria. The World Health Organization (WHO) recently reported that “a post-antibiotic era—in which common infections and minor injuries can kill-far from being an apocalyptic fantasy, is instead a very real possibility for the 21st century” [5].




      Conventional antibiotics kill or stop bacterial growth by interfering with essential housekeeping functions (e.g., DNA, RNA and protein synthesis), hence inevitably imposing selection pressure on bacteria that results in the emergence of antibiotic-resistant microbial pathogens. The alarms about resistance not only demand better use and administration of conventional antibiotics, but also search for novel infection control strategies. A single course of antibiotics can have a detrimental effect on the gut microbiome, which may take up to 6 months to recover, and in some instances, the effect on the gut microbiome may be irreversible [6]. Indiscriminate use of antibiotics disrupts the natural gut microbiome [7]. The disturbance of the gut microbiota has been related to anomalous conditions, including allergies [8], metabolic diseases, such as obesity and diabetes [9], cardiovascular disorders such as atherosclerosis, hypertension, heart failure [10], inflammatory bowel disease [11], irritable bowel syndrome [12], neurodegenerative disorders especially autism, anxiety, schizophrenia, Parkinson's and Alzheimer's diseases [13], common respiratory diseases, such as asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), lung cancer, respiratory infections [14], and kidney diseases [15]. A post-antibiotic era is approaching where morbidity and mortality might be related to simple infections that are no longer curable by antibiotics. There is a high demand for the research and development of alternative treatment strategies for infectious diseases because of the continued emergence of multi-drug-resistant pathogens.




      There is a need for a novel strategy that can effectively control pathogenic infection, but does not impose a ‘life-or-death’ selection pressure, it would be a promising alternative to stop infectious diseases and may reduce the emergence of antibiotic resistance in microbial pathogens.The quorum-quenching approach, also known as antipathogenic or antivirulence, which controls bacterial infection by interfering with microbial cell-to-cell communication, has been recently established as a promising alternative approach [16]. Novel anti-QS medicines have the potential to interfere with the QS signaling system and inhibit biofilm formation. This effect results in a reduction in the degree of microbial virulence and drug resistance, thus indicating that anti-QS agents may be a potential alternative to antimicrobials [17]. Quorum quenching is, however, defined as the mechanism of inhibition of the quorum-sensing process. Therefore, quorum-sensing autoinducers (AIs) are interrupted and that results in an interference with the quorum-sensing process [18].


    




    

      QUORUM SENSING




      Quorum-sensing is a way of cell-cell communication of bacteria, mediated by small signaling molecules (AIs) that enable them to sense the bacterial cell density and regulate the expression of multitudinous genes (Fig. 1) [19]. This type of regulation occurring in both pathogenic and non-pathogenic bacteria has been reported to regulate the various physiological responses, including bioluminescence, production of virulence factors, swarming, development of fruiting bodies, competence and sporulation, symbiosis, secondary metabolism, and plasmid transfer [20]. Interestingly, most studies have emphasized QS systems of pathogens because many of these processes are associated with virulence. There is a belief that inhibition of QS activity will reduce pathogenicity and contribute to the easier eradication of microorganisms. Both Gram-positive and Gram-negative bacteria use QS system to communicate with each other. However, Gram-positive and Gram-negative bacteria consist of different types of QS pathways and utilize different small diffusible signaling molecules known as AIs. Gram-negative bacteria utilize most studied acylated homoserine lactones (AHLs) (also sometimes referred to as autoinducer-1 [AI-1]), whereas Gram-positive bacteria utilize peptide signals. However, autoinducer-2 (AI-2) is used by both Gram-negative and Gram-positive bacteria. In addition to these, there are also other signaling molecules including Pseudomonas quinolone signal (PQS), diffusible signal factor (DSF), and autoinducer-3 (AI-3) [21].
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Fig. (1))


      The schematic representation of bacterial quorum-sensing system.



      

        Sensing in Gram-Negative Bacteria




        Gram-negative QS systems have been extensively studied [22]. In Gram-negative bacteria, although several signal molecule families have been identified, the most intensively studied and understood are those that belong to the N-acylated L-homoserine lactones (AHLs) that function as their primary AIs for QS system. Most Gram-negative bacteria possess acylated homoserine lactone or LuxI/LuxR-type QS (AI-1) mediated QS system. These molecules are comprised of an N-acylated homoserine-lactone ring as the core and a 4– 18 carbon acyl chain with modifications. The stability of these molecules is dependent on the length of the acyl chain and receptor selectivity is dictated by modifications in the AHL acyl tail structure [23]. In addition to acyl chain length, AHLs also differ in the saturation state of the acyl chain. In either case, each AHL receptor protein demonstrates some degree of AHL binding specificity based on the length, saturation, and oxidation of the AHL acyl chain. Accordingly, each bacterial species carries a cognate synthase/receptor pair that produces and responds to a specific AHL molecule.




        In a historical perspective, AHLs are biosynthesized by members of the LuxI family of AHL synthases using the substrates S-adenosylmethionine (SAM) and an acylated acyl carrier protein (acyl-ACP). LuxI-type enzymes are the major, but not the sole producer of AHLs. Following synthesis, AHLs generally diffuse passively through the bacterial cell membrane and accumulate in the local environment in proportion to cell density. Once the accumulation of AHL reaches a threshold concentration [24], binds to their cognate LuxR-type receptor and initiates homodimerization of these complexes. The formation of complexes is typically followed by their association to QS-specific promoter sites and thus initiate the transcription of subsequent QS-related genes. Additional complexity exists in many of these LuxI/LuxR systems [25].Many Gram-negative bacteria, including Pseudomonas spp., Acinetobacter spp., or Burkholderia spp., were reported to use a different class of autoinducers. Besides using HSL, P. aeruginosa also uses 2- heptyl-3-hydroxy-4- quinolone (PQS) and 2-(2-hydro xyphe-nyl)-thiazole- 4-carbaldehyde (IQS) as autoinducers for QS systems. In P. aeruginosa, two additional LuxI/LuxR pairs exist, namely, the LasI/LasR and RhlI/RhlR. Both LasI and RhlI QS systems are AI synthases, which catalyze the formation of the AI N-(3-oxododecanoyl)-homoserine lactone(AHL: 3-O-C12-HSL) and N- (butyryl)-homoserine lactone (C4-HSL) [26].


      




      

        Quorum Sensing in Gram-positive Bacteria




        Gram-positive bacteria use different signal molecules to regulate QS system in contrast to Gram-negative ones. In Gram-positive bacteria, the QS system is usually comprised of modified oligopeptides (autoinducer peptide - AIP) as signaling molecules which are secreted into the environment via ABC exporter protein. These small extracellular peptides operate through a two-component type of histidine kinase (HK) as signal sensing and transduction module [27]. Following the secretion, the accumulated signals are then detected by two-component sensor histidine kinases. The binding of histidine kinase with AIPs causes ATP-driven phosphorylation of a conserved histidine residue, sensor kinase (H) in the cytoplasm. The signaling mechanism is hence based on a phosphorylation/dephosphorylation cascade [28]. The phosphate group is consequently transported to the conserved aspartate residue (D) of a cognate response regulator. The activated response regulator causes the activation of a DNA-binding protein that regulates the transcription of specific genes regulatory RNAs and intracellular transcription factors of quorum-sensing regulon. This QS system has been reported in Gram-positive bacteria, such as various species of Clostridium, Enterococcus, Bacillus, Streptococcus, Staphylococcus, and Listeria, and so on [29].




        Staphylococcus aureus is one of the most common commensal Gram-positive organisms in humans. The accessory gene regulator (Agr) system regulates toxin and protease secretion instaphylococci. At low cell density, the bacteria express proteins required for attachment and colonization, and as the cell density becomes higher, this expression profile switches to express proteins involved in toxin and protease secretion. This “switch” in gene expression programs is regulated by agr QS system. The S. aureus AIP is encoded by the agrD gene. AgrB then adds a thiolactone ring to this peptide and transports the AIP out of the cell. The AIP works with its receptor, sensor kinase ArgC and ArgC’s cognate response regulator, ArgA. Upon binding of AIP to ArgC, a phosphate group is transferred from ArgC to ArgA, which activates the transcription of the arg operon for autoregulation. In addition, transcription of the RNAIII, regulatory RNA, which in turn leads to the repressed expression of cell adhesion factors and induced expression of secreted factors [30].


      




      

        AI-2-Based Quorum Sensing




        The QS signaling pathway of the marine pathogen Vibrio harveyi functions using a two-component regulatory system: one responding to 3-hydroxy-C6 homoserine lactone referred to as AI-1, the other responding to a furanosyl borate diester, referred to as AI-2 [31] AI-2 is generated from the precursor S-adenosylhomocysteine (SAH) by the sequential enzymatic activities of 5-methylthioadenosine/S-adenosylhomocysteine nucleosidase. AI-2 compounds have been claimed as “universal” signal molecules involved in inter- and intra-bacterial species communication. This is supported by the fact that luxS gene homologs are widely distributed among bacterial genomes. Its DNA sequence has identified more than 40 species, including Gram-negative and Gram-positive bacteria [32]. The luxS encodes the S-ribosylhomocysteine lyase (LuxS) enzyme, which synthesizes AI-2 [33]. Moreover, some bacteria that are unable to produce AI-2 (e. g., Pseudomonas aeruginosa and Riemerella anatipestifer) respond to AI-2 external supply to mediate the interaction between polymicrobial biofilm members [34]. In addition to the regulation of biofilm formation, AI-2 has been linked to the regulation of pathogen virulence factors production, colonization capacity, persistence, and adaption to the host environment [35]. Therefore, interference with AI-2 production could be used as a strategy to attenuate pathogen virulence. Two main enzymes participate in AI-2 biosynthesis: Methylthioadenosine/S- adenosylhomocysteine nucleosidase (MTA/SAH nucleosidase) and LuxS. Both enzymes are involved in the activated methyl cycle, and they, therefore, influence bacterial metabolism. Strategies focused on inhibiting AI-2 production have, therefore, targeted these enzymes [36] and thus inhibition of QS-related pathogenesis.


      


    




    

      QUORUM SENSING: A NOVEL TARGET




      Why does inhibition of microbial quorum sensing hold promise in the control of infection? This novel strategy is based on the fact that many bacterial pathogens, can communicate with each other and act collectively in the regulation of infection-related factors, including expression of virulence genes and production of biofilms. The pathogens produce, detect and respond in a population density-dependent manner to specific small signal molecules (autoinducers), thus orchestrating the expression of virulence genes among the species.The pathogens colonized in the host must trigger the QS signaling to form biofilm and produce virulence factors, however the interfering of this bacterial signaling by anti- QS agents makes pathogens more susceptible to host immune responses and antibiotics. Moreover, numerous quorum-quenching phenomena have been studied, and the quorum-quenching strategies to control infections have been studied with promising results [37].




      The quorum sensing inhibitors or anti-virulence drugs should not kill pathogens but disarm them and overthrow their defenses, so that the host can clear the infection. This common architecture provides multiple molecular targets for the action of enzymes or compounds interfering with QS-mediated cell-to-cell communication, namely (I) the biosynthesis of the signal molecule by the “sender” cell, (ii) the functionality and availability of the signal itself, and (iii) the reception/ decoding of the message contained in a signal molecule by the “receiver” cell. Sun Tzu stated, “All warfare is based on deception” [38]. Since targeting any of the three steps noted above would render bacterial cells incapable of perceiving their population size, and hence accomplishing QS-controlled tasks, it is evident that as an anti-virulence strategy, Quorum quenching is based on deception. The ability to switch off virulence gene expression exogenously and thus attenuate virulence, may therefore offer a novel strategy for the treatment or prevention of infection (Fig. 2). QS has the potential as an antibacterial target in pathogens. Copious researchers have succeeded in exploiting the bacterial QS system as the target for the treatment of bacterial infections [39]. Attacking the bacterial communication system is believed to be more valuable than conventional therapeutic strategies because only the communication mechanism between the bacteria is disrupted without killing the individual cells. Hence, this strategy would generate a lower selective pressure and reduce the rate at which antibiotic resistance develops during the treatment. This opens a new avenue for the entry of QSIs to treat bacterial infections.




      
[image: ]


Fig. (2))


      Several mechanisms of interfering quorum sensing in Gram-negative and Gram-positive bacteria. Mechanisms interfering with QS cascades are marked with numbers on the diagram [1]: AI antagonists [2] inhibition of AHL molecule synthesis (a) blocking SAM biosynthesis (b) inhibiting LuxI [3] enzymatic degradation of AHL molecules (lactonase hydrolyzes the HSL ring, acylase hydrolyzes the amide bonds, oxidoreductase reduces carbonyl or hydroxyl groups) [4] blocking of signal transduction system (inhibition of RNA III production by interfering AgrA DNA binding).

    




    

      QUORUM SENSING INHIBITORS




      The rapid emergence of antibiotic-resistant bacteria has necessitated the development of novel types of chemotherapies that can act either partially or completely independent of antibiotics. Interference with quorum-sensing systems has been envisioned as a suitable strategy to address the multi-drug resistance problem [40]. In this regard, a great diversity of compounds that interfere with quorum-sensing systems have been reported [41]. The mechanisms causing the disturbances of QS communication systems are generally known as “quorum quenching” (QQ). QQ molecular actors are diverse in nature (chemical compounds, enzymes etc.), mode of action (QS-signal cleavage, competitive inhibition, and so on) and targets. All the main steps of the QS pathway, such as synthesis, diffusion, accumulation, and molecular signals, may be affected by these QQ molecules. Generally, the enzymes that inactivate QS signals are named QQ enzymes, while the chemicals disrupting QS pathways are called QS inhibitors (QSIs) [42]. Several reports exist on the use of naturally occurring or artificially synthesized antagonists as possible quorum quenchers [43]. The strategies for inhibiting quorum sensing systems are designed mainly to interfere with the synthesis of autoinducer, extracellular accumulation of the autoinducer, and perception of QS signal [19]. The promising features of Quorum sensing inhibitors or quenchers include their ability to impose less selective pressure than antibiotics as they interfere with or block the synthesis of secretion of multiple virulence factors and to have a negligible effect on the growth of microbes. It is also reported that QQS act on target rapidly, and supplementation of antibiotics increases their effectiveness as an inhibitor [44].




      

        Natural Quorum Sensing Inhibitors




        Various secondary metabolites synthesized by plants or microorganisms have been an important source for the discovery and design of antimicrobial drugs. The development of new therapies to treat infectious diseases caused by antimicrobial-resistant microorganisms is one of the main challenges faced by medical science today. However, the diversity and complexity of natural product structures give them a wide range of mechanisms of action, compared to conventional antibiotics [45]. Traditional medicines are the major source for the development of new lead compounds in many pharmaceutical industries [46]. Moreover, problems posed by drug-resistant microorganisms, side effects of modern drugs and emerging diseases have stimulated interest in medicinal plants as a significant source of new medicines. Natural products are believed to be prospective sources of phytochemicals or pharmaceuticals to discover new lead compounds for the treatment of QS-mediated bacterial virulence [47]. Some of the quorum sensing inhibitors which have presented satisfactory results are bioactive compounds and essential oils obtained from plants. For this reason, researchers are increasingly focusing their studies on medicinal herbal products to identify new antipathogenic agents that could act on QS, thus controlling infections. Generally, natural products inhibit quorum-sensing systems by inhibiting the production of signal molecules, signal diffusion by enzymes that degrade or modify the signaling molecule, and signal detection [18].




        QS inhibitory activity of the compounds derived from plants has been used since ancient times as traditional medicines. Plant-derived compounds are mostly secondary metabolites, which possess various biological activities, including antimicrobial properties against pathogenic microbes [48]. Major groups of compounds from plants that are responsible for antimicrobial activity include phenolics, phenolic acids, quinones, saponins, tannins, coumarins, terpenoids, and alkaloids.Variations in the structure and chemical composition of these compounds result in differences in their QS inhibitory action and quorum quenching by enzymatic degradation of QS signals [49].


      




      

        Anti-Quorum Molecules from Medicinal Plants




        The plants and their extracts have been used as traditional medicines for ages. Plants are a rich source of various kinds of biologically active phytochemicals, which are highly effective and exhibit high chemical stability. Moreover, plant resources are minimum to no toxic for humans [50]. In addition to their antimicrobial property, the plant extracts have been reported to inhibit quorum sensing in various clinically significant microorganisms without affecting their growth. Various types of anti-quorum molecules with diverse mode of action have already been identified and isolated from different medicinal plants. Thus, medicinal plants are potential candidates for obtaining non-toxic quorum-sensing inhibitors (QSI) that could help to regulate the pathogenesis of various bacteria, thus minimizing the emergence of antimicrobial-resistant bacteria [51].




        The anti-quorum molecules present in the plant extract either inhibit or interfere with the signaling molecule that controls the quorum sensing mechanism. Most of the studies reported the antagonistic effect of phytochemicals. These antagonists accelerate the degradation of AHL receptors by binding to them because of their structural similarity with the AHL molecules [52]. A wide variety of plant-derived quorum inhibitors, such as monoterpenes and monoterpenoids, phenylpropanoids, benzoic acid derivatives, diarylheptanoids, coumarins, flavonoids, tannins, and various sulfur-containing compounds, such as diallyl disulfide, have been reported [53]. However, most of the studies demonstrated flavonoids, tannins and terpenoids as promising quorum-sensing inhibitors.




        Flavonoids are a large group of polyphenolic phytochemicals having various biological activities [54]. The flavonoid-rich purified fraction of an important medicinal herb Cassia alata has caused 50% inhibition of the production of violacein in Chromobacterium violaceum, and also significant inhibition of biofilm formation and QS controlled virulence such as swarming motility, pyocyanin production, elastolytic and proteolytic activities in P.aeruginosa PAO1 [55]. In a similar study, the flavonoid-rich methanolic extract of leaves of a medicinal plant Psidium guajava inhibited the violacein production in C. violaceum 12472 in a concentration-dependent manner and also inhibited biofilm formation and other QS-regulated virulence factors in P. aeruginosa PAO1. Quercetin and quercetin-3-O-arabinoside were found to be the major compounds in the plant extract. The authors propose that the anti-QS activity of the plant extract lies in its ability to inhibit the signaling process of AHL rather than its production. The same group of researchers [56] obtained similar results with the flavonoid-rich ethyl acetate fraction of a traditional medicinal plant Centella asiatica. The QS-regulated mechanisms such as violacein production in Chromobacterium violaceum ATCC 31532 and bioluminescence in Escherichia coli pSB403 have been inhibited by the glycosyl flavonoids present in the leaf extract of Cecropia pachystachya [57]. In a recent study, the methanolic extract of the leaves of Securidaca longepedunculata, which is rich in flavonoids, polyphenol and alkaloids, exhibited anti-QS activity against both Chromobacterium violaceum CV026 and Pseudomonas aeruginosa PAO1 and also anti-biofilm activity against P. aeruginosa PAO1 [58].




        Terpenoids are the largest group of bioactive-secondary metabolites of plants [59]. Many authors have described the ability of terpenoids and various other derivatives, such as sesquiterpenoids, diterpenoids, triterpenoids, etc., present in the extract of different plants to attenuate the production of virulence factors in P. aeruginosa [60] reported about the presence of an interesting group of 14 different diterpenoids having a mulinane-like skeleton in the ethyl acetate extract of a medicinal plant Azorellaatacamensis. The plant extract significantly inhibited the production of some of the virulence factors in P. aeruginosa through its interference with the production of two QS-signaling molecules, N-acyl-homoserine lactones and 4-hydroxy-2-alkylquinolines (HAQs) [61]. The anti-virulence efficacy of the diterpenoids, however, has been found to be enhanced in the presence of terpene-like compounds.




        Some researchers identified an active anti-QS diterpenoid 14-Deoxy-11,12-di dehydro andro grapholide (DDAG) in the leaf-extract of an ethnomedicinal plant Andrographis paniculate that exhibited a remarkable synergistic inhibitory effect upon biofilm formation by P. aeruginosa (<90% inhibition) in combination with two conventional antibiotics. In previous studies, QS mechanism in P. aeruginosa was found to be inhibited by andrographolide (AG), another related compound found in A. paniculate and also by 14-alpha-lipoyl andrographolide which is the derivative of AG [62]. However, the anti-QS activity of AG in combination with the antibiotics was comparatively much less than that of DAAG. Therefore, DAAG could be a potential candidate for combination therapy along with antibiotics against biofilm-forming pathogens. It has been postulated that in the presence of QSI, bacteria become susceptible to even low concentrations of antibiotics [63]. The synergistic effect of QSI, both synthetic QSI and plant-derived QSI [64] and the antibiotics against P. aeruginosa have also been reported. Inhibition of biofilm formation and synthesis of other virulence factors such as pyocyanin, elastase, protease, rhamnolipid, and hemolysin in P. aerug-




        inosa by the leaf extract of A. paniculate was also reported [65], but the bioactive component of the extract was not identified then.




        The essential oils from various medicinal plants have also exhibited anti-QS activity. Mandarin (Citrus reticulata) essential oils rich in monoterpene hydrocarbons such as limonene g-terpinene, myrcene and a-pinene have significantly inhibited the biofilm formation in P. aeruginosa along with the inhibition of biofilm cell viability, AHL production and elastase activity [66]. Monoterpenes such as eucalyptol (1,8-cineole) and limonene present in the essential oil from Eucalyptus globulus and Eucalyptus radiata respectively inhibited violacein production in biomonitor strain C. violaceum ATCC 12472 to a significant level.




        Tannnins are plant polyphenols having anti-oxidant properties along with the ability to bind to proteins, basic compounds, pigments, large-molecular weight compounds and metallic ions. They are generally classified as hydrolysable tannins and condensed tannins [67]. In a quantitative study, out of 12 Indian medicinal plants, the tannin-rich extracts of three plants viz Terminalia chebula, Punica granatum and Syzygium cumini were found to be most potent anti-QS candidates on the basis of their Minimum Inhibitor Concentration (MIC) value. All the plant extracts, including these three, exhibited broad-spectrum of anti-QS activity against both Gram-positive Staphyloccus aureusagrP3::blaZ RN6390 pRN8826 and Gram-negative C. violaceum 12472 organisms. However, the plant extract with hydrolysable tannins exhibited more significant bioactivity than others rich in condensed tannins.The anti-QS activity of the tannin-rich ethanolic extract of Terminalia bellerica has also been reported [68]. The plant extract contained around 20 different bioactive compounds which synergistically led to the significant inhibition of violacein production in C. violaceum CV12472 and diminished production of pyocyanin, EPS and biofilm formation in P. aeruginosa strains. In a previous study, the tannin rich-fraction of another species of Terminalia (T. catappa) also inhibited QS-regulated violacein production in C. violaceum and biofilm maturation and LasA staphylolytic activity in P. aeruginosa [69]. A similar study by Vasavi et al. (2013) reported the anti-QS activity of S. cumini and another medicinal plant Pimenta dioica against C. violaceum where they exerted their effect in a dose-dependent manner without affecting the bacterial growth.




        Coumarins are a group of polyphenolic secondary metabolites of plants. Apart from having anticancer, anti-inflammatory, antimicrobial, anti-oxidant and anticoagulant properties, coumarins and their derivatives have been reported to have anti-QS properties. Some coumarins such as ellagic acid, warfarin, fraxin, nodakenetin possess anti-biofilm properties, whereas some others like bergamottin, esculin, coumarin 3-carboxylic acid, coladonin, umbelliferone possess both anti-biofilm and anti-QS property [70]. Many medicinal plants have been reported to contain coumarins [71]. They could serve as an economical and environment-friendly alternative for isolating natural coumarins having the anti-QS and/or anti-biofilm potential.




        The diverse types of bioactive-phytochemicals have also shown anti-QS activity. The production of fluorescent siderophores called pyoverdines, which is one of the virulence factors in P. aeruginosa is also QS-dependent. Three main phytochemicals, namely phytol, ethyl linoleate and methyl linolenate, present in the extract of two medicinal plants, Syzygium jambos and Syzygium antisepticum, have been reported to reduce the production of pyoverdines along with other virulence factors including protease, rhamnolipid and hemolysin to a significant level in P. aeruginosa. The plant extracts also caused maximum inhibition of violacein production in C. violaceum [72]. A poly-component composition containing some phenolic compounds derived from a European medicinal plant Quercus cortex (Oak bark), inhibited QS-controlled violacein production in C. violaceum CV026 in a comparatively more significant manner than the individual active components of the plant. Such a multicomponent formulation has the potential to be used in the development of effective synthetic antimicrobial drugs to treat the infections caused by QS- dependent bacterial pathogens [53].




        In many cases, the raw extract of the medicinal plants showed remarkable anti-QS activity. However, the bioactive component(s) of the extract was not identified and isolated. In a study, the aqueous extracts of southern Florida medicinal plants, Conocarpus erectus, Chamaesyce hypericifolia, Callistemon viminalis, Bucida buceras, Tetrazygia bicolor, and Quercus virginiana significantly inhibited QS-controlled factors such as of LasA protease, LasB elastase,pyoverdine, and biofilms in P. aeruginosa PAO1. The anti-quorum activities of the above medicinal plants against two biomonitor organisms C. violaceum and Agrobacterium tumefaciens NTL4 strains, were also confirmed [45]. The significant anti-QS activity of the crude plant extract was also reported by Ghosh et al. by demonstrating the reduction in in vitro production of violacein in C. violaceum and inhibition of swarming motility in P. aeruginosa and in vivo reduction in the pathogenicity of C. violaceum after treating with the ethanolic leaf extract of Psidum gajuva. In this study, the transcriptomic analysis revealed a significant reduction in the expression of QS-controlled genes [18].




        The significant inhibition of QS-regulated virulence factors in C. violaceum CV026 and P. aeruginosa PA01 by the raw extract of a few traditional Chinese medicinal herbs has been reported [73]. A similar kind of result was also obtained with the crude extract of one of the Chinese herbal plants Forsythia suspense [74]. In a previous study, the presence of polyhydroxytriterpenoids and phenolic compounds in the ethanolic extract of F. suspense has been documented [75]. In a study involving sixty medicinal plants of Darjeeling Hills, India, for screening their anti-QS activity, the crude leaf extract of three plants, namely Astilbe rivularis, Osbeckia nepalensis and Fragaria nubicola have reduced the production of violacein in C. violaceum and pyocyanin in P. aeruginosa and also demonstrated the significant inhibition of the swarming motility in P. aeruginosa [76]. The list of the plants and their bioactive compounds which have anti-quorum activity is mentioned in Table 1.




        

          Table 1 Anti-quorum activity of some plants extracts.




          

            

              

                	S. No.



                	Medicinal Plants



                	
Bioactive Compound(s)/


                Crude Extract




                	Anti-QS Activity



                	Test Organism(S)



                	References

              


            



            

              

                	1



                	Alnus japonica



                	Quercetin and


                tannic acid



                	Inhibition of biofilm formation; repression of the intercellular adhesion genes icaA and icaD reduction of hemolysis



                	
S. aureus strains



                	[77]

              




              

                	2



                	Amomum tsaok



                	Sitosterol, daucosterol, meso-hannokinol, quercetin, epicatechin, quercetin-7-O-b-glucoside, quercetin3-O-b-glucoside, and catechol



                	Inhibition of violacein production; reduction of swarming motility; inhibition of biofilm formation



                	
Staphylococcus aureus (ATCC 6538), Salmonella typhimurium (ATCC 50013), Pseudomonas aeruginosa (ATCC 9027) and Chromobacterium violaceum ATCC 12472



                	[78]

              




              

                	3



                	Berberis artistata, Camellia sinensis and Holarrhena antidysenterica



                	alkaloids and flavonoids



                	inhibition of Acyl Homoserine Lactone production and biofilm formation



                	Carbapenem Resistant Escherichia coli




                	[79]

              




              

                	4



                	Carum copticum



                	Oxygenated monoterpenes (thymol, p-cymene, γ-terpinene and β-pinene), caffeic, gallic, chlorogenic, coumaric and ferulic acids, flavan-3-ols (catechin), flavone (hyperoside), and the flavonol quercetin



                	Inhibition of violacein production



                	Chromobacterium violaceum



                	[80]

              




              

                	5



                	Cecropia pachystachya



                	Glycosylflavonoids



                	Inhibition of violacein production; inhibition of bioluminescence



                	Chromobacterium violaceum ATCC 31532 and Escherichia coli pSB403 and Pseudomonas putida (isoF WT)



                	[57]

              




              

                	6



                	
Citrus sinensis, Laurus nobilis, Elettaria cardamomum, Allium cepa, and Coriandrum sativum




                	Crude methanolic extract



                	Significant elimination of pyocyanin formation and biofilm development; significant inhibition of twitching and swimming motilities; inhibition of violacein production



                	
Pseudomonas aeruginosa PA14


                Chromobacterium violaceum ATCC12472



                	[81]

              




              

                	7



                	
Curcuma longa, Ocimum tenuiflorum, Aegle marmelos, Eucalyptus globules, Azadirachta indica and Cynodon dactylon




                	Crude ethanolic extract



                	Inhibition of quorum sensing mediated virulence factors such as twisting motility, biofilm formation, total protease activity and pyocyanin production.



                	Pseudomonas aeruginosa



                	[82]

              




              

                	8



                	Diplocyclos palmatus



                	Tocopherols and phytol



                	Significant downregulated the expression of QS-regulated genes such as fimA, fimC, flhC, bsmB, pigP and shlA




                	Serratiamarcescens



                	[83]

              




              

                	9



                	Ginkgo biloba



                	Ginkgolic acids



                	significant inhibition of


                biofilm formation



                	
Escherichia coli O157:H7 (EHEC)


                Staphylococcus aureus




                	[77]

              




              

                	10



                	Glycyrrhiza glabra



                	Licoricone, glycyrin,


                Gylzyrin (Flavonoids)



                	Significant reduction of QS-regulated virulence factors such as surface motility, twitching biofilm formation and production of anti-oxidant enzymes Catalase and SOD



                	Acinetobacter baumannii



                	[84]

              




              

                	11



                	Mentha piperita



                	Essential oil and menthol



                	Inhibition of violacein production; Biofilm formation, EPS production and swarming motility; decreased production of QS regulated virulence factors such as elastase, total protease, pyocyanin and chitinase; Interference with las and pqs QS systems



                	
C. violaceum CV026;


                P.aeruginosa;


                A. hydrophila;


                E. coli (MG4/pKDT17 and pEAL08-2)



                	[85]

              




              

                	12



                	Murraya koenigii



                	Essential oils



                	Inhibition of violacein production; inhibition of biofilm formation and maturation; Reduction of EPS production



                	
C. violaceum CV026/CV12472;


                P. aeruginosa PAO1



                	[86]

              




              

                	13



                	
Nymphaea tetragona




                	Crude methanolic extract



                	Significant inhibition of violacein production; inhibition of swarming motility, pyocyanin production and LasA protease activity.



                	
Chromobacterium violaceum and Pseudomonas aeruginosa.



                	[87]

              




              

                	14



                	Pogostemon cablin (patchouli)



                	Essential oil



                	Reduction of the QS-regulated violacein synthesis; reduction of the production of some QS-regulated virulence factors and biofilm development.



                	
Chromobacterium violaceum CV12472 and


                P. aeruginosa PAO1



                	[88]

              




              

                	15



                	
Phyllanthus amarus Schumach. & Thonn,



                	Crude methanolic extract



                	Interruption with the ability of C.violaceum CVO26to


                respond towards exogenously supplied AHL; reduction of bioluminescence; decreased


                pyocyanin production, swarming motility and lecA::lux expression



                	
C. violaceum CVO26


                E. coli [pSB401] and E. coli [pSB1075]


                P. aeruginosa PA01



                	[89]

              




              

                	16



                	Rubus rosaefolius



                	Phenolic compounds



                	Inhibition of QS-regulated violacein production, swarming motility and biofilm formation



                	
Chromobacterium violaceum ATCC6357, Aeromona hydrophila IOC/FDA110 6 and Serratia marcescensUFOP-001



                	[90]

              




              

                	17



                	
Securinega suffruticosa,


                Angelica dahurica, Rodgersia podophylla, Viburnum


                carlesii, Nymphaea tetragona var. Angusta and


                Mallotus japonicus




                	Crude methanolic extract



                	Inhibition of swarming motility; Inhibition of


                violacein production



                	
P. aeruginosa PAO1;


                C. violaceum CV12472



                	[91]

              




              

                	18



                	
Scutellaria baicalensis Georgi



                	Crude ethanolic extract



                	Inhibition of violacein production; inhibition of QS-regulated virulence



                	
C.violaceum CV026


                Pectobacterium carotovorum subsp. Carotovorum




                	[92]

              




              

                	19



                	Thymus vulgare



                	2essential oils (Carvacrol and thymol)



                	Significant inhibition of AHL-related flgA gene expression and biofilm formation



                	
Pseudomonas fluorescens


                KM121



                	[93]

              




              

                	20



                	Vernonia blumeoides



                	sesquiterpene lactones



                	Inhibition of violacein production



                	C. violaceum



                	[94]

              


            

          




        


      




      

        Bacterial Enzymes




        Quorum quenching enzymes are significantly more potent than QSI because they do not inhibit growth or kill pathogens but interfere with the quorum sensing system. Moreover, there is no report of cytotoxicity of enzymes in the host. Despite the general mechanisms of the QS system are well understood, a limited number of QQ enzymes that interfere with bacterial QS molecules are reported. It is proposed that AHL (QS signal molecule) structure has four potential cleavage sites where QQ enzymes may act to inactivate it [95]. In prokaryotes, three types of enzymes are reported to target the AHLs and play an essential role in QQ. Based on the mechanism of action QQ enzymes can be categorized as– (i) Lactonases, which cleave and open the lactone ring, (ii) Acylases (or Amidases), which hydrolyze the amide bond of the AHLs and cleave it down into the corresponding fatty acid and homoserine lactone and (iii) Oxidoreductases, that either oxidize the acyl chain of AHLs or reduce 3-oxo-AHLs to their corresponding 3-hydroxy-AHL [96].




        

          AHL Lactonase




          AHL lactonase, the well-characterized family of QQ enzymes, has now been identified from a range of bacterial species. The enzymatic hydrolysis of the homoserine lactone ring of AHL signals is similar to pH-dependent lactonolysis and reverses in an acidic medium [97]. The first AHL lactonase encoded by the aiiA gene was isolated from Bacillus spp. isolate 240B1and classified as a zinc metalloprotease. The AiiA has zinc-binding motif His104-X-His106-X-Asp108-His109 similar to other zinc metalloproteases such as the β-lactamase families, arylsulfatase, and glyoxalase II [97]. The second type QsdA lactonase was isolated from the Rh. erythropolis strain W2 and classified as the phosphotriesterase family [98]. The AHL-lactonase AidH isolated from Ochrobactrum shows broad substrate specificity against C4-HSL, C6-HSL, C10-HSL, 3-oxo-C6-HSL and 3-oxo-C8-HSL [30]. The lactonase AiiAB546 and AiiAAI96 from Bacillus sp. display strong hydrolyzing activity against AHLs with acyl chain lengths of varying carbon atoms [99]. The AHL-lactonase QsdA from Rh. erythropolis possess the ability to inactivate AHLs with an acyl chain ranging from C6 to C14 with or without substitution at carbon 3 [98]. SsoPox as an AHL-lactonase from the archaeon Sul. solfataricus has preference for AHLs with acyl chain lengths of at least eight carbon atoms [100]. SsoPox can degrade C4-HSL and 3-oxo-C12-HSL, which are important for QS in the P. aeruginosa model system.




          Diverse types of Zn2+-dependent lactonases such as BpiB, AiiM and AidH identified among the bacterial genera Bacillus, Agrobacterium,Rhodococcus, Streptomyces, Arthrobacter, Pseudomonas and Klebsiella [95]. The diverse AHL lactonases viz. AiiA, AiiM, SsoPox, PvdQ, MomL, BpiB09, and HodC were reported to interfere with the QS in P. aeruginosa. They were found to inhibit the production of virulence factors, motility and biofilm formation of P. aeruginosa in vitro, as well as in vivo in various models, including Caenorhabditis elegans, Drosophila melanogaster and rodents. Inhibition of biofilm formation of other pathogens, including A. baumannii, was also reported [101].




          Other AHL-lactonase enzymes like Moml isolated from Muricauda have been reported to reduce the production of virulence factors in P. aeruginosa PAO114 and HqiA in Pectobacterium carotovorum, 18,54 also reported to alter the production of virulence factors like proteases and pyocyanin, as well as to reduce the biofilm production of P. aeruginosa [102].


        




        

          AHL Acylases




          The AHL acylases, belong to the novel family of N-terminal nucleophiles (NTN), inactivating the AHLs by cleaving the acyl side chains in the homoserine lactone. Moreover, it is also identified as an amidase enzyme that hydrolyzes the amide bond between the acyl chain and the homoserine lactone ring [95]. The acylase reaction products cannot spontaneously revert to functional QS signal while lactonase product N-acyl homoserine can recircularize to the AHL at acidic pH, and also, the fatty acid generated by the acylase is readily metabolized usually. Therefore, acylase is considered more advantageous than lactonase for biotechnological applications. Most AHL acylases exhibit a preference for long-chain AHLs (with or without a substituent at C-3 of the acyl chain). The first AHL-acylase was isolated from V. paradoxus strain VAI-C, which degrades a wide range of AHL substrates [103].




          Another AHL-acylase, Aac from R. solanacearum GMI1000, could digest C7-HSL into HSL and heptanoic acid. The AHL-acylase exhibits activity against long-chain AHLs (C7-HSL, C8-HSL, 3-oxo-C8-HSL and C10-HSL) but not the short-chain AHLs (C4-HSL, C6-HSL and 3-oxo-C6-HSL) [104]. Similarly, P. aeruginosa produces an AHL-acylase with specificity for 3-oxo- C12-HSL but does not degrade C4-HSL [105]. However, AiiC from Anabaena spp. PCC7120 hydrolyzes a broad range of AHLs, including C4-HSL, the signal of the rhl system of P. aeruginosa. QQ activity of AHL acylase has been demonstrated in various systems, indicating that these enzymes could be applied to the control of AHL-mediated pathogenicity [106]. Heterologous expression of AHL acylase genes affected the production of virulence factors and other QS-dependent traits [105]. P. syringae B728a produces two potent acylases, HacA and HacC, that degrade QS signal AHL [107]. In a study when P. aeruginosa culture was treated with AHL-acylase from Streptomyces spp., a reduction of virulence factor production was observed without any growth inhibition [104].


        




        

          Oxidoreductase




          Oxidoreductase enzyme catalyzes either oxidation or reduction and thus modifies the AHL's acyl side chain but does not degrade them. The first oxidoreductase enzymes were observed in Rhodococcus erythropolis that can modify a range of AHLs as nitrogen and carbon sources [102]. However, compared to the AHL degradation by lactonases and acylases, there have been very few reports of the inactivation of AHLs via oxidation or reduction of the acyl side chain. Recently, a novel oxidoreductase, BpiB09, has been identified that can inactivate 3-O-C12-HSL. In addition, BpiB09 in P. aeruginosa PAO1 reduces the accumulation of AHLs, followed by reducing motility phenotypes, pyocyanin secretion, and biofilm production [95, 108]. Furthermore, bpiB09-expressing P. aeruginosa was less pathogenic against C. elegans than WT bacteria. The presence of another enzyme was reported in Rh. erythropolis W, in which the 3-oxo substituent of 3-oxo-C14-HSL was reduced to yield the corresponding derivative 3-hydroxy-C14-HSL, thus inactivating the QS system. BpiB09 reductase from Acidobacterium sp. reduces 3-oxo- AHLs to 3-hydroxy-AHLs and can alter the QS response of P. aeruginosa, including significant reduction of pyocyanin production, decreased motility and poor biofilm formation [100-109]. Various quorum quenching enzymes found to date are mentioned in Table 2.




          

            Table 2 Characterized Quorum-quenching enzymes involved in the degradation of QS signal AHLs.




            

              

                

                  	S. No.



                  	Anti-QS Enzymes



                  	Group



                  	Source Organism



                  	Anti-QS Activity



                  	References

                


              



              

                

                  	1



                  	AaL



                  	AHL Lactonase



                  	Alicyclobacillus acidoterrestris



                  	Hydrolysis of a wide range of AHLs with short, medium or long acyl chains with high rates; inhibition of the biofilm formation



                  	[110]

                




                

                  	2



                  	AdeH



                  	AHL Lactonase



                  	
Lysinibacillus sp. Gs50



                  	Hydrolysis of the lactone ring of AHLs of varying chain length



                  	[111]

                




                

                  	3



                  	AHL acylase



                  	AHL Acylase



                  	
Delftia sp. VM4



                  	Inactivation of a wide variety of AHL molecules by hydrolyzing amide bond between lactone ring and fatty acyl moiety



                  	[112]

                




                

                  	4



                  	AidA



                  	AHL Lactonase



                  	Acinetobacter baumannii



                  	Inhibition of violacein production; inhibition of the motility and biofilm formation



                  	[113]

                




                

                  	5



                  	AidB



                  	AHL Lactonase



                  	Bosea sp



                  	Degradation of a wide variety of AHL with or without substitution of carbonyl or 6hydroxyl at C-3 position; attenuation of pyocyanin production and swarming motility



                  	[114]

                




                

                  	6



                  	AidP



                  	AHL Lactonase



                  	
Planococcus versutus strain L10.15



                  	Hydrolysis of the ester bond of the homoserine lactone of AHLs



                  	[115]

                




                

                  	7



                  	AiiA



                  	AHL Lactonase



                  	
Bacillus licheniformis DAHB1



                  	Inhibition of biofilm formation



                  	[116]

                




                

                  	8



                  	Aii20J



                  	AHL Lactonase



                  	
Tenacibaculum sp. 20J



                  	Quenching of AHL-mediated acid resistance; inhibition of violacein production



                  	[117]

                




                

                  	9



                  	AiiK



                  	AHL Lactonase



                  	
Kurthiahuakuii LAM0618



                  	Hydrolysis of the lactone bond of the AHLs; y inhibition of the biofilm formation and attenuation of extracellular proteolytic activity and pyocyanin production



                  	[118]

                




                

                  	10



                  	AiiM



                  	AHL Lactonase



                  	



                  	Degradation of AHLs; inhibition of the production of pyocyanin and elastase



                  	[119]

                




                

                  	11



                  	AmiE



                  	AHL Acylase



                  	
Acinetobacter sp. strain Ooi24



                  	Degradation of AHLs with long acyl chains; reduction of elastase activity



                  	[120]

                




                

                  	12



                  	GKL(engineered mutant)



                  	AHL Lactonase



                  	Geobacillus kaustophilus



                  	Disruption of QS-controlled biofilm formation



                  	[121]

                




                

                  	13



                  	JydB



                  	AHL Lactonase



                  	
Rhodococcus sp. BH4



                  	Degradation of AHLs, especially short chained AHLs (C4-HSL) and AHLs with 3-oxo side chain (3-oxo-C6-HSL); inhibition of biofilm formation



                  	[122]

                




                

                  	14



                  	MomL



                  	AHL Lactonase



                  	
Muricauda olearia Th120



                  	Degradation of both short- and long-chain AHLs with or without substitution of oxo-group at the C-3 position



                  	[123]

                




                

                  	15



                  	PfmA



                  	AHL Acylase



                  	
Pseudoalteromonas flavipulchra JG1



                  	Hydrolysis of the amide bond of AHL with acyl chains longer than 10 carbons;


                  Reduction of AHL accumulation and the production of virulence factors



                  	[124]

                




                

                  	16



                  	PVAs



                  	AHL Acylase



                  	
Pectobacterium atrosepticum and Agrobacterium tumefaciens




                  	Degradation of long-chain AHLs; Dimished production of elastase and pyocyanin and biofilm formation



                  	[125]

                




                

                  	17



                  	PvdQ (mutant)



                  	AHL Acylase



                  	Pseudomonas aeruginosa



                  	Hydrolysis of C8-HSL; Decreased production of proteases



                  	[126]

                




                

                  	18



                  	QqaR



                  	AHL Acylase



                  	Deinococcus radiodurans



                  	Degradation of AHLs (8 to 14 carbons); diminished accumulation of the major AHL 3-oxo-C12-HSL and LasB gene expression



                  	[126]

                




                

                  	19



                  	QqlR



                  	AHL Lactonase



                  	Deinococcus radiodurans



                  	Degradation of AHLs with C8-C14 carbon tail, with a preference for AHLs without the 3-oxo-substitution in the acyl chain; diminished accumulation of the major AHL 3-oxo-C12-HSL and LasB gene expressoion



                  	[126]

                




                

                  	20



                  	
SsoPox-W263I



                  	AHL Lactonase



                  	



                  	Decreased production of proteases and pyocyanin, as well as biofilm formation.



                  	[127]

                


              

            




          


        


      




      

        Microbes as QSI




        The natural products that quench the QS signal are produced by several microbes, including bacteria, fungus, algae, etc. The production of QSI molecules is reported in different genera of bacteria, although only a few bacterial QSIs have been well characterized, such as phenyl ethylamides and cyclo-l-proline-l-tyrosine [128]. Generally, there are two types of QSIs that are mostly studied and reported so far in bacteria, furanones and RNA III inhibiting peptides (RIP). Furanones are known to act on both AHL and AI2 quorum sensing systems [129]. The RIP in its amide form (YSPWTNFNH2) is reported to reduce virulence, biofilm formation and antibiotic resistance in Staphylococcus [130]. In a study, it is revealed that the presence of RIP has inhibited the phosphorylation of TRAP (quorum sensing signal molecule). So inactivated agr prevents the production of RNA III (which upregulates the toxin production) in the mid-exponential phase and thus reduces the production of toxins [131].




        The different strains of Rhizobacteria have been found to produce volatile organic compounds such as dimethyl disulphide that inhibit the NAHL-based QS regulation [132]. In a recent study, the aqueous and organic extracts of Rhizobium spp. strain are found to reduce biofilm formation by P. aeruginosa PAO1 along with the downregulation of the production of virulence factors, such as elastase and siderophore [133]. The marine bacteria Bacillus, Halobacillus, Lyngbya majuscula, and Symploc ahydnoides are reported to be important sources of QSIs [134].




        The compounds named yayurea A and B (N-[2-(1H-indol-3-yl)ethyl]-urea and N-(2-phenethyl)-urea) that were isolated from Staphylococcus delphini demonstrated the reduction in violacein production in C. violaceum [135]. The Honaucins A to C isolated from marine cyanobacterium Leptolyngbya inhibited the QSI activity in both V. harveyi bioluminescence and E. coli]. Cyclic dipeptides such as solonomides A and B were isolated from a marine Photobacterium species that interfere with the agr signaling pathway of Staphylococcus aureus [136]. The toxic shock syndrome toxin (TSST) in Staphylococcus aureus has been inhibited by Lactobacillus reuterii [137].




        Apart from these, there are also reports of quorum sensing inhibitors that regulate competition within a given species. It is reported that four distinct strains of Staphylococcus aureus specifically activate its cognate receptor but inhibits all others by competitive binding. Another study revealed that Protoanemonin 4-methylenebut-2-en-5-olide is produced by Pseudomonas spp. B13 and P. reineke MT1 were shown to reduce expression of the QS-controlled LasB reporter in a concentration-dependent manner while having no effect on growth in P. aeruginosa PAO1 [138]. It significantly repressed the expression of genes encoding virulence factors, such as phenazine and pyocyanin, and caused the induction of genes related to the iron starvation response. At low concentration, CAI-1, the primary QSM of V. cholera, was also found to inhibit the activation of the primary QS regulator of P. aeruginosa, LasR, most likely through disruption of the cytoplasmic membrane [139]. QSI molecules have been detected in extracts obtained from fungal QSIs (like endophytes, marine fungi) are also reported as potent candidates that interfere with QS. For example, the sesquiterpene farnesol, the natural autoinducer of C. albicans, inhibits, inhibit the synthesis of pyocyanin by blocking PQS signaling in P. aeruginosa [140]. Two other sesquiterpene derivatives, drimendiol from Drimys winteri and sesquiterpene lactones from Centratherum punctatum, are AHL-dependent QS inhibitors [82, 83]. Patulin and penicillic acid from Penicillium spp. have been found to interfere specifically with biofilm formation in P. aeruginosa.




        Micro-algae such as Chlamydomonas reinhardtii, C. mutablis, Chlorella fusca, and C. vulgaris produce a range of secondary metabolites which are found to interfere with quorum sensing [141]. The red alga Ahnfeltiopsis flabelliformis was found to produce compounds that can act as AHL antagonists [142].


      


    




    

      CONCLUSION AND FUTURE PERSPECTIVES




      The emergence of resistance to antibiotics could be minimized by developing drugs that attenuate bacterial pathogenicity rather than affecting cell viability. Sun Tzu also wrote in the book “The Art of War” that “In the practical art of war, the best thing of all is to take the enemy’s country whole and intact; to shatter and destroy it is not so good. So, too, it is better to recapture an army entire than to destroy it, to capture a regiment, a detachment, or a company entire than to destroy them” [143]. In alignment with this strategy, targeting quorum sensing has emerged as a novel system to develop non-antibiotics drugs with a low risk of emergence of resistance. At present, both quorum sensing and quorum quenching are research hotspots. Thus, natural compounds/metabolites or enzymes offer an opportunity to develop new antimicrobials as they target pathogenesis factors rather than growth or viability. Also, their diversity in structure and mode of action also delayed the emergence of resistance. Several natural products from plants and microorganisms inhibit the expression of virulence, and resistance factors regulated by quorum sensing have been reported. Most studies have focused on in vitro experiments and the most natural product QSIs are complex extracts, not single compounds. Thus, the specific mechanism of these components in the QS system is still unclear. The development of quorum sensing inhibitors as weapons to lessen the antibiotic resistance threat and consequently conquer infections needs to accelerate the research and investments expanded at each stage of preclinical and clinical development.
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